Leukemia inhibitory factor (LIF) is expressed in the ovary and controls follicular growth. LIF has been reported to accelerate the primordial to primary follicle transition, the growth of cultured preantral follicles, and the maturation of oocytes. Previous reports on factors that regulate follicular growth have largely employed cultured follicles. However, there are several types of follicles and somatic cells in the ovary that are likely to interact with one another to regulate follicular growth. Therefore, a novel approach is essential for understanding the function of factors that regulate follicular growth in the ovary. In this study, we evaluated the function of LIF using cultured ovarian tissue. Ovarian tissue slices were cultured in the presence or absence of recombinant LIF and neutralizing anti-LIF antibody to enable continuous monitoring of follicular growth within the context of the ovary as well as analysis of the process of follicular growth. The results revealed that LIF inhibited the growth of primary, secondary, and antral follicles. Furthermore, we verified the inhibitory function of LIF using the neutralizing antibody, which accelerated follicular growth. These results suggest that LIF is likely to coordinate follicular growth in the ovary. The culture and analysis methods employed in this study are thus effective for clarifying the tissue-level functions of factors that regulate follicular growth within the ovary.
INTRODUCTION
Ovaries contain numerous follicles of various stages, including the primordial, primary, secondary, antral, and graafian follicles. Follicular growth involves several steps, including the primordial to primary follicle transition, recruitment of theca cells, formation of follicular antrum, and differentiation of cumulus cells [1, 2] . Previous reports clarified that the mechanism through which follicular growth is regulated involves the interaction between oocytes and the surrounding granulosa, theca, and stromal cells in the ovary [1] [2] [3] [4] . However, these studies were based on the culture of isolated follicles or on histological methods. We considered that the interactions between follicles of various stages or between the follicles and stromal cells are likely to be essential for coordinating follicular growth or ovulation at the tissue level. Therefore, a detailed analysis of the regulation of follicular growth in the ovary necessitates a continuous observation of this process within the ovary. Therefore, we cultured ovarian tissue slices in culture inserts and observed the process of follicular growth in the tissue. Furthermore, the growth of individual follicles was evaluated by measuring the area of each follicle and tracking its growth. Furthermore, these experimental methods were employed for analyzing the effect of leukemia inhibitory factor (LIF) on follicular growth.
The expression of LIF has been observed in the ovary of several species [5] [6] [7] [8] [9] . There are several reports on the function of LIF in follicular growth. For example, Nilsson et al. reported that LIF promotes the primordial to primary follicle transition [9] . Furthermore, the addition of recombinant LIF into follicle culture medium has been reported to promote oocyte maturation [7, 10] . These experiments employed either premature ovaries containing mainly preantral but not antral follicles or isolated preantral follicles. However, mature ovaries contain follicles of various stages as well as corpora lutea and somatic cells, suggesting a complex regulatory mechanism for follicular growth in the ovary, which is mediated by LIF.
In the current study, we analyzed the function of LIF in the mature ovary using cultured ovarian tissue slices. We consider that follicles of each stage exert an effect on the growth of neighboring follicles in the same ovary. Therefore, a real-time observation of follicular growth is essential for clarifying this process in follicles of various stages in the ovary. Therefore, we cultured ovarian tissue slices corresponding to a thickness of several hundred micrometers and observed follicular growth using time-lapse imaging. This culture system was similar to the in vivo scenario in that oocyte formation and ovulation occurred from a few follicles, whereas the other follicles regressed prior to ovulation. We employed confocal microscopy for observing follicles in the ovarian tissue slices and capturing their image and measured the area of each follicle for analyzing the process of follicular growth. Further, the effect of LIF on follicular growth was evaluated by supplementing the culture medium with recombinant LIF and analyzing the change in follicular area over a period of 3 wk. These experiments revealed that LIF suppressed follicular growth in the cultured ovarian tissue slices. Furthermore, we observed that the addition of anti-LIF antibody, which neutralizes the effect of endogenous LIF, promoted follicular growth, indicating that LIF suppresses follicular growth at the tissue level. Therefore, the culture and analysis methods employed in this study could be effectively utilized for identifying the mechanism controlling follicular growth at the tissue level.
MATERIALS AND METHODS

Animals
Ovaries were isolated from 4-wk-old female ICR mice (Japan SLC, Inc.). The mice were housed in an environmentally controlled room maintained at 23 6 18C with a 12L:12D cycle. Animal care and experiments were conducted in accordance with the Guidelines of Animal Experimentation of the Bell Research Centre, in turn based on the guidelines published by the Science Council of Japan. The experiments in this study were approved by the Institutional Animal Care and Use Committee of Bell Research Centre.
Culture of Ovarian Tissue Slices
The ovaries of 4-wk-old mice were sliced at a thickness of several hundred micrometers by hand using a microtome blade (Leica Biosystems) under a stereoscopic microscope (Leica Biosystems). The ovarian tissue slices were placed in a 30-mm cell culture insert (Merck Millipore Ltd.), which was subsequently placed in a 3.5-cm culture dish (AGC Techno Glass Co., Ltd.). The ovarian slices were cultured in Minimum Essential Medium Alpha GlutaMax (Gibco) supplemented with 5% (v/v) fetal bovine serum (Gibco), 100 lIU/ml follicle-stimulating hormone (FSH) from human pituitary glands (Sigma-Aldrich), and 10 mIU/ml luteinizing hormone (LH) from equine pituitary glands (Sigma-Aldrich) under conditions of 5% CO 2 and air and temperature of 378C. The cultured ovarian tissue slices were treated with 100 mIU/ml of LH for 12-h duration every 4 days to reproduce the physiological LH surge. The concentrations of FSH and LH were based on a previous experiment [11] . The effect of LIF on follicular growth was evaluated by the addition of recombinant LIF (50 ng/ml; Merck Millipore Ltd.) and goat anti-LIF antibody (1 lg/ml; AB-449-NA; R&D Systems) [12] to the culture medium followed by culture for 4 wk. We referred to a previous report for the concentration of recombinant LIF and anti-LIG antibody in the medium [9] . A schematic of the culture method is indicated in Figure 1 . The culture medium was changed at Culture Days 2, 3, and 4. The medium of Culture Days 3-4 contained 10 times the concentration of LH compared to that of other days (Fig.  1) . Recombinant LIF and anti-LIF antibody were added into the medium at every culture medium change. We repeated this cycle of changing the culture medium for 4 wk.
Imaging of Cultured Ovarian Slices
The cultured ovarian slices were imaged at intervals of 24 h using a confocal microscope (FV1000; Olympus), with a Z-step size and Z-stack thickness of 5 lm and approximately 150 lm, respectively. Furthermore, the time-lapse images were captured at intervals of 30 min over a 4-wk duration using a confocal scanner box (CellVoyager CV1000; Yokogawa Electric Corporation), with a Z-step size and Z-stack thickness of 5 lm and approximately 150 lm, respectively. KOMATSU ET AL.
Analysis of Follicular Growth in the Cultured Ovarian Tissue Slices
The area of each follicle observed in the cultured ovarian tissue slices was measured using ImageJ software (http://rsbweb.nih.gov/ij/). The outlines of the follicles in the captured bright-field images were traced with a tablet pen (Intuos; Wacom Company, Ltd.), and the number of pixels in each follicle was measured. This was followed by the conversion of the number of pixels in the follicles into area (square micrometers). The area of follicles was measured at intervals of 24 h for tracking follicular growth in the cultured ovarian tissue slices. For the experiment, the left ovarian tissue was employed as control and the right for treatment with recombinant LIF and anti-LIF antibody; this strategy was employed because of differences in the numbers and stage of follicles among ovaries derived from multiple mice but not between the right and left ovaries derived from the same mouse. Therefore, follicular growth was compared between the right and left ovarian tissue derived from the same mouse, using a total of three and four mice for experiments involving the addition of recombinant LIF and anti-LIF antibody, respectively.
Classification of Follicles in the Cultured Ovarian Tissue Slices
For classification of the stage of follicles, the cultured ovarian tissue slices were stained with the cell-permeant SYTO13 green fluorescent nucleic acid stain (Invitrogen). This dye binds DNA and RNA in both live and dead cells and exhibits green fluorescence. The cultured ovarian tissue slices were stained with SYTO13 (1:500 dilution) for 2 days, following which the images of follicles were captured. This staining technique allowed the classification of the follicle stage based on the shape of granulosa cells and the number of granulosa cell layers. The area of follicles at each stage was subsequently measured, enabling the clarification of follicular area at each stage: primordial to primary follicle, ,3000 lm 2 ; secondary follicle, 3000-10 000 lm 2 ; and antral follicle, .10 000 lm 2 . The area of follicles was subsequently employed for determining follicle stage and for comparing follicular growth for evaluating the effect of recombinant LIF and anti-LIF antibody on the growth of follicles of various stages.
Staining of Ovarian Follicles for LIF
Tissue sections were obtained by embedding the ovaries of 8-wk-old female mice in Optimal Cutting Temperature compound (Sakura Finetek), followed by freezing in liquid nitrogen and sectioning at 8-lm thickness using a cryostat. The cryosections were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 20 min at room temperature and washed with Ca 2þ -and Mg 2þ -free PBS. The samples were treated with PBS containing 0.1% Triton X-100 for 10 min, blocked at room temperature with Blocking One (Nacalai Tesque), and incubated overnight with anti-LIF (1:500; AB-449-NA; R&D Systems) and anti-VAMP4 (vesicle-associated membrane protein 4; 1:500; ab3348; Abcam) antibodies in Blocking One at 48C. The sections were subsequently washed with PBS and incubated with fluorescently labeled secondary antibodies (LIF: Alexa 594 donkey anti-rabbit IgG antibody, 1:500; VAMP4: Alexa 488 donkey anti-goat IgG, 1:500; Molecular Probes) and Hoechst 33258 (1:10 000; Invitrogen) at RT for 90 min. Following washes with PBS, the sections were mounted in Fluoromount-G (SouthernBiotech) and images were captured with a confocal microscope.
Expression of Lif mRNA
To separate oocytes and cumulus cells completely, we obtained cumulusoocyte complexes (COCs) by superovulation. The method of superovulation and collecting COCs was described in a previous report [13] . COCs were treated by hyaluronidase (Sigma-Aldrich) for 10 min under conditions of 5% CO 2 and air and temperature of 378C. After that, we collected 91 oocytes, and their cumulus cells and total RNA were isolated from them using NucleoSpin RNA XS (Macherey-Nagel GmbH & Co.) according to the manufacturer's instructions. A reverse transcription with total RNA was performed with a highcapacity reverse transcription kit with an RNase inhibitor (Applied Biosystems). Thereafter, real-time PCR was performed using Verti 96-well Thermal Cycler (Applied Biosystems) and LA taq (Takara). The following primer sets were used: Lif, 5 0 -AAAAGCTATGTGCGCCTAACA-3 0 (forward) and 5 0 -GTATGCGACCATCCGATACAG-3 0 (reverse); LH receptor, 5 0 -CGGACCC TCCCAGATGTTT-3 0 (forward) and 5 0 -CGTTCCCTGGTATGGTGGTT-3 0 (reverse); beta-actin 5 0 -ACTGCTCTGGCTCCTAGCAC-3 0 (forward) and 5 0 -ACATCTGCTGGAAGGTGGAC-3 0 (reverse). The PCR profile incubation was initiated at 958C for 1 min followed by 45 cycles with denaturation at 988C for 1 min, annealing at 618C for 1 min, and extension at 748C for 30 sec.
Statistical Analyses
Statistical analyses were performed with the software R (http://www. r-project.org/). The number of samples in our experiments was not numerous, so the normality of data was evaluated using the Shapiro-Wilk normality test. In order to compare the difference between controls and groups adding recombinant LIF or neutralizing anti-LIF antibody, the data that were normally distributed were analyzed by t-test and the data that were not normally distributed were analyzed by Mann-Whitney U-test. 
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RESULTS
Culture of Ovarian Tissue Slices
The ovarian tissue slices were cultured for 4 wk and the images captured at intervals of 24 h (Fig. 2, A-I ). During culture, the growth, ovulation, and regression of follicles were observed ( Fig. 2 and Supplemental Movie S1 [available online at www.biolreprod.org]). This culture system could be considered to reproduce the in vivo development of follicles. The number of oocytes released during ovulation ranged from 5 to 56, depending on the ovary. The release of the first polar body from the ovulated oocytes was also observed, with the rate of release ranging from 9% to 79% (Fig. 2J) . Approximately half of the oocytes that released the first polar body were capable of being fertilized; however, which of these zygotes were capable of developing further has not yet been examined.
Classification of the Stage of Follicles in the Cultured Ovarian Tissue
In this study, the area of follicles was measured to assess follicular growth. To this end, the cultured ovarian tissue was stained with the fluorescein dye SYTO13, and the shape of granulosa cells and the number of granulosa cell layers were detected (Fig. 3) . The follicle stages were classified on the basis of the results obtained. The area of each follicle stage was then measured: primordial follicle (n ¼ 34), 710.5 6 146.8 lm 2 ; primary follicle containing a single granulosa cell layer (n ¼ 21), 1615.8 6 448.9 lm 2 ; primary-secondary follicle containing more than one granulosa cell layers (n ¼ 3), 2795.8 6 211.9 lm 2 ; and secondary follicle containing over two granulosa cell layers (n ¼ 25), 8455.5 6 3745.5 lm 2 . The range of area of each follicle stage was then determined: ,3000 lm 2 , primordial to primary follicle; 3000-10 000 lm 2 , secondary follicle; and .10 000 lm 2 , antral and graafian follicles.
Tracking of Follicular Growth by Measuring the Area of Follicles
The measurement of area was initiated when the follicles were detectable in the captured images of the cultured ovarian tissue slices, and terminated upon ovulation or initiation of follicle regression. Follicles of various stages were observed in the ovarian tissue slices at the time of initiating the culture. Most of the primary follicles showed growth to secondary or antral follicles, and most of the secondary and all the antral follicles underwent atresia or ovulation during the period (4 wk) of culture.
To evaluate the effect of LIF on follicular growth, recombinant LIF and the neutralizing anti-LIF antibody were added to the culture medium. Recombinant LIF was observed to suppress follicular growth in the cultured ovarian tissue slices (Fig. 4, A-C) , whereas the anti-LIF antibody enhanced follicular growth (Fig. 4, D-F) . Recombinant LIF was found to suppress the growth of primordial to primary and secondary follicles (Fig. 4, A and B , P , 0.05). Neutralizing anti-LIF antibody was found to enhance the growth of secondary and antral follicles (Fig. 4 , E and F, P , 0.05). On the other hand, statistically significant differences were not observed in antral follicles adding recombinant LIF and primordial to primary follicles adding neutralizing anti-LIF antibody (Fig. 4 , C and D, P , 0.05). The tendency towards enhanced follicular growth was observed in primordial to primary follicles adding neutralizing anti-LIF antibody (Fig. 4D) .
LIF Is Secreted from Oocytes
Examination of the localization of LIF in follicles revealed that LIF was observed chiefly in oocytes and that it colocalized with VAMP4 (Fig. 5) . The signal corresponding to LIF was weak in primordial and primary follicles (Fig. 5, A-C) and gradually increased after the secondary follicle stage (Fig. 5,  D-F) . In the antral and graafian follicles, LIF was actively
Imaging of follicles in the cultured ovarian tissue by SYTO13 staining. A and B) Primordial and primary follicles. The arrowheads and arrows indicate primordial follicles that contain flattened granulosa cell layer and primary follicles that contain cuboidal granulosa cell layer, respectively. C shows a primary-secondary follicle, which contains more than one granulosa cell layer in certain regions, and D shows a secondary follicle, which contains two layers. E and F) Antral follicles, which contain more than three granulosa cell layers. Bar ¼ 100 lm.
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transported between oocytes and cumulus cells through transzonal projections (TZPs; Fig. 5F ). The signal of LIF in granulosa and cumulus cell was weak, but the expression of Lif mRNA was detected in both oocytes and cumulus cells (Fig.  5G) . The presence of Lif mRNA in the oocytes was not likely due to cumulus cell contamination because LHR mRNA was detected only in the cumulus cells and not the oocytes.
DISCUSSION
Ovaries contain follicles of various stages, including the primordial, primary, secondary, antral, and graafian follicles. Of these, primordial follicles are the most numerous, and the development of most of these primordial follicles is halted to yield the pool of follicles in the ovary [4, 13] . Several studies have been conducted on the regulation of primordial follicle development. Bone morphogenetic protein 4 (BMP4), Kit -7] were analyzed by Mann-Whitney U-test. The plots shows mean 6 SEM. *P , 0.05; **P , 0.01; ***P , 0.001.
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FIG. 5. Localization of LIF in the follicles of mouse ovary.
A-E) Localization of LIF in the ovaries of 8-wk-old mice. The consolidated images were obtained by merging the images obtained for LIF (red), VAMP4 (green), Hoechst 33258 (cell nucleus; blue), and bright-field microscopy. A and B) Primordial follicles that contain a single flattened granulosa cell layer and a primary follicle that contains a single cuboidal granulosa cell layer. C and D) A primary-secondary follicle, which contains two granulosa cell layers in certain regions, and a secondary follicle, which contains two granulosa cell layers, respectively. E) A graafian follicle, which contains cumulus cells around the oocyte. F) The oocyte in E. The arrows in F indicate LIF localized in TZPs. G) The expression of Lif, LH receptor (LHR), and beta-actin mRNA in ovulated oocytes and cumulus cells. O, oocytes indicated in F and G; C, cumulus cells indicated in F and G. Bar ¼ 100 lm.
ligand (KL), LIF, and phosphatase and tensin homologue deleted on chromosome 10 (PTEN) inhibitor induced the primordial to primary follicle transition [14] [15] [16] [17] [18] . Once the primary follicle is developed from the primordial follicle, several factors control follicular growth to the secondary follicle stage in a manner independent of FSH and LH [19, 20] . Conversely, the growth of antral follicles is mainly dependent on FSH and LH [21] . The maintenance of cyclic ovulation necessitates that the growth of each follicular stage be relative to that of the other stages and that the growth rate of each follicle be regulated at the tissue level. Therefore, we have attempted a new experimental approach for the simultaneous tracking and analysis of the growth of each follicle in the ovary (Figs. 1 and 2 and Supplemental Movie S1).
To observe the follicles in the context of the ovary, each ovary was sliced into four and placed in the culture insert (Fig.  1) . These ovarian tissue slices were cultured and images or time-lapse images captured at regular intervals ( Fig. 2 and Supplemental Movie S1). The ovaries of 4-wk-old mice were appropriate for observing follicles using this culture system. A few follicles in ovarian tissue slices obtained from the ovaries of mice older than 4 wk could not be observed because of the presence of several corpora lutea that interfered with the observation of follicles. Furthermore, the ovaries of mice less than 2 wk of age could not be employed for observing follicles in this experiment as almost all the follicles were preantral follicles [9, 22] . Follicular growth and the number of ovulation events differed between mice; therefore, the two ovaries obtained from each mouse were employed as control and treated ovaries for comparing the effects of LIF and anti-LIF antibody. The cause of these differences is not clear yet; however, ovary tissue containing follicles of various stages showed a tendency towards better follicular growth (data not shown). Thus, the follicular constitution of the ovary likely plays an important role, as the growth of primordial, primary, and secondary follicles is necessary for the production of growth factors (with the exception of FSH and LH) derived from the surrounding somatic cells or follicles [19, 20, [23] [24] [25] .
In the current study, we analyzed the effect of LIF on follicular growth in the cultured ovarian tissue. Studies on rat ovary showed that the expression of LIF was higher in somatic cells than in oocytes of the primordial and primary follicles, whereas increased expression was observed in the oocytes of the late secondary and antral follicles [9] . In humans, LIF and LIF receptor were detected in the oocytes of primordial, primary, and secondary follicles [5] . Furthermore, in vitro studies indicated that the accumulation of LIF in the follicular fluid was associated with follicular growth [26] . A previous study reported that LIF promoted the primordial to primary follicle transition in rat ovaries, but could not directly promote the proliferation of granulosa and theca cells [9] . LIF has been reported to enhance the expression of KL in granulosa cells, which in turn promotes ovarian cell growth and the primordial to primary follicle transition [9, 17, 27] . In our study, it was difficult to distinguish primordial follicles under bright-field optics, so we could not confirm that recombinant LIF promoted the primordial to primary follicle transition. Another study indicated that treatment with LIF suppressed follicular growth in caprine antral follicles, whereas treatment with LIF and FSH promoted the acquisition of meiotic competence in oocytes [8] . These results indicate that the function of LIF in regulating follicular growth is different among follicles of various stages.
The present results reveal that recombinant LIF suppressed the growth of primary, secondary, and early antral follicles (Fig. 4, A and B) , with the exception of antral follicles that were already present at the time of initiating the culture (Fig.   4C ). Moreover, anti-LIF antibody promoted the growth of secondary and antral follicles (Fig. 4, E and F) . The effect of anti-LIF antibody is dependent on the presence of a high concentration of LIF, and the concentration of LIF in the culture medium appeared to be reduced with prolonged duration of culture because the effect of anti-LIF antibody decreased in late culture (Fig. 4, D-F) . The production of LIF was chiefly observed in oocytes of follicles of all stages, with a gradual increase in LIF production coincident with follicular growth (Fig. 5) . The signal corresponding to LIF colocalized with VAMP4, suggesting that LIF was transported between oocytes and cumulus or granulosa cells by endocytosis via TZPs [4] . However, it is not clear whether LIF transported through TZPs was produced in oocytes or cumulus cells, because both of them expressed Lif mRNA (Fig. 5G) . A previous study reported the accumulation of LIF in the follicular fluid [27] , suggesting that LIF produced in oocytes may be transported to the antral cavity through TZPs and cumulus cells and act on neighboring follicles and somatic cells. These results suggest that LIF produced and accumulated in the late antral or graafian follicles is secreted outside these follicles to suppress the growth of the neighboring primary, secondary, and early antral follicles. This explains the reduced effect of anti-LIF antibody when the tissue is cultured for a longer duration (Fig. 4, D and E) , as few late antral and graafian follicles were present in the cultured ovarian tissue with increasing duration of the culture (Fig. 4F) . Further, it is hypothesized that the growth of antral follicles was not affected by the addition of recombinant LIF because the concentration of endogenous LIF was already saturated in antral follicles (Fig. 4C) .
LIF was observed to promote the primordial to primary follicle transition in a previous study [9] . However, two possible effects of LIF on ovaries could be considered. The effect of LIF could possibly be dependent on its concentration, with higher concentrations of LIF prevalent around the later antral and graafian follicles suppressing the growth of neighboring primary, secondary, and antral follicles and enhancing the primordial to primary follicle transition. Conversely, lower concentrations would promote the follicle growth of primary, secondary, and antral follicles and suppress the primordial to primary follicle transition. The statistically significant effects of adding recombinant LIF or anti-LIF antibody may be hard to detect in primordial to primary follicles, because LIF has inverse effects on primordial and primary follicles (Fig. 4, A and D) . The second possibility is that the granulosa or cumulus cells subjected to LIF secrete other suppressive factors that arrest the growth of the neighboring follicles. Of these two scenarios, the former is more likely because the permeability of anti-LIF antibody into follicles is limited, and therefore these antibodies would predominantly bind LIF present in the culture medium. Indeed, we cultured ovary tissues with 1 lg/ml goat IgG labeled with fluorescein isothiocyanate (FITC) to confirm the penetration, or lack thereof, of antibody into follicles. After 24, 48, and 72 h culture, the accumulation of FITC signal was not observed in the follicles (data not shown). The effect of anti-LIF antibody depends on the concentration of endogenous LIF in our experiment, so the promotion of the growth of primary, secondary, and antral follicles in the early culture period indicated that the concentration of LIF might be high. However, anti-LIF antibody did not significantly inhibit the growth of secondary and antral follicles in the late culture period (Fig. 4, D and E) , possibly because there were fewer late antral and graafian follicles from which LIF was actively produced, and so the amount of LIF for anti-LIF antibody to act LIF SUPPRESSES FOLLICLE GROWTH IN MOUSE OVARY upon might have been less in the medium (Fig. 4, D-F) . From these results, we speculate that anti-LIF antibody mainly inhibited the effect of LIF secreted from follicles, and late antral and graafian follicles may secrete LIF and suppress the growth of primary, secondary, and early antral follicles around them [26] .
Taken together, the results implicate LIF as a factor that coordinates the sequence of follicular growth and ovulation and plays a role in the local regulation of follicular growth in the ovary. The culture and analysis approach employed in the experiments is useful for the analysis of follicular growth and the interaction between follicles in the ovary.
